Abstract. The present study aimed to investigate the signal transduction mechanism of the NZW type interleukin (IL)-10R1 and the effect on the function of B lymphocytes. Vectors for the expression of wild-type, NZW and G1146A IL-10R1 were constructed and transfected into Ba/F3 cells. The cell proliferation curve was determined using an MTT assay. CD32 and leukocyte-endothelial cell adhesion molecule 1 (LECAM-1) expression levels were assessed using flow cytometry. The phosphorylation of Janus kinase 1 (Jak1), tyrosine kinase 2 (Tyk2) and signal transducer and activator of transcription 3 (Stat3) were measured by western blot analysis. As compared with wild-type IL-10R1 cells, the proliferation ability of NZW IL-10R1 cells was increased following stimulation with IL-10, which was even greater for G1146A cells. CD32 levels in NZW IL-10R1 cells were lower, while the expression of LECAM-1 was higher compared with wild-type IL-10R1 cells, which was also observed for G1146A cells. The phosphorylation levels of Jak1 and Stat3 in NZW IL-10R1 and G1146A IL-10R1 cells were significantly lower compared with the wild-type IL-10R1 cells. However, the phosphorylation levels in the three cell types were not significantly different. In conclusion, the deficiency in Jak1-Stat3 signal transduction in NZW IL-10R1 cells induces a loss in the inhibition ability of proliferation and activation as well as a migration tendency of B lymphocytes, which is hypothesized to be associated with the occurrence and development of the autoimmune disease systemic lupus erythematosus (SLE).
Introduction
Systemic lupus erythematosus (SLE) is a typical systemic autoimmune disease (1) . The pathogenesis and severity of SLE are associated with the hereditary factor. Abnormalities of the immune system have a role in the occurrence of this disease, which affects almost all monocytes and a number of cytokines. Previous studies have shown that interleukin (IL)-10 has an important role in the pathogenesis of SLE (2) (3) (4) . The mechanism may be associated with the hypothesis that IL-10 induces immune dysfunction and loss of immunotolerance, and increases the production of antibodies implicated in organ damage (5) .
As an inhibitive cytokine, IL-10 is produced by a number of cells. Previous studies have indicated that the regulatory T lymphocyte (Treg) and regulatory B lymphocyte (Breg) are the primary origin of IL-10 in the body (6) (7) (8) . As with other cytokines, IL-10 is required to bind to the IL-10 receptor (IL-10R) prior to activation. Human and mouse IL-10R, which are members of the interferon receptor family, are composed of two subunits, IL-10R1 and IL-10R2 (9, 10) . IL-10R2 is considered to be a member of the interferon (IFN) receptor, does not bind to IL-10 and initiates intracellular transduction signals. IL-10R1 has a significant role in IL-10R binding to IL-10. Following binding to IL-10, IL-10R1 transfers the excitability and inhibitory signal through the Janus kinase (Jak)-signal transducer and activator of transcription (Stat) signal transduction system (11) . Previous studies suggested that the distribution of the functional regions of IL-10R is located in the cytoplasm (12) .
In our previous study, the results of DNA sequencing analysis of the IL-10R1 gene coding region indicated that, compared with the C57BL/6 mouse, the New Zealand W (NZW) mouse has 18 base displacements, among which, 7 regions are hypothesized to cause an amino acid change. Notably, in the no. 1146 base of IL-10R1 of the NZW mouse, a G was replaced with A (G1146A), which induces the change of a coding amino acid from G to E (G356E) and the loss of the Jak1 and tyrosine kinase 2 (Tyk2) phosphorylation binding sequence of IL-10R1 (13) . G356E is hypothesized to be located at the 298-405 region of the IL-10R1 cytoplasm region, which is responsible for the negative signal transduction of IL-10. Notably, the IL-10R1 (14) . The purpose of the present study was to investigate the signal transduction mechanism of the NZW type IL-10R1 and the effect on the function of B lymphocytes.
Materials and methods
Cell culture. BA/F3 cells were purchased from the cell center of Peking Union Medical College (Beijing, China). The cells were cultured in Dulbecco's modified Eagle medium (DMEM; Invitrogen, Carlsbad, CA, USA) with 10 ng/ml rmIL-3 (R&D Systems, San Diego, CA, USA) and 10% fetal calf serum (FCS; Invitrogen), and were incubated.
Vector construction. The study was approved by the Ethics Committee of China Medical University (Shenyang, China). Total RNA was extracted from the spleen of C57BL/6 and NZW mice (purchased from Shanghai Laboratory Animal Center of the Chinese Academy of Sciences and maintained under specific pathogen-free conditions). The following primers were designed by Takara Biotechnology (Dalian, China; forward, 5'-GGATCCACC ATGTTGTCGCGTTTGCTCCC-3' and reverse, 5'-CTC GAGTCATTCTTCTACCTGCAG GCTGGAG-3') were used to obtain the coding sequence region of IL-10. DNA was cloned into the pMD19-T simple vector and the DNA sequences were checked using agarose gel electrophoresis. Using GeneBank to compare the results, it was observed that the genes analyzed were not the target genes. Thus, the genes were cloned into the pcDNA3.1(+) multiple clonal sites to produce pcDNA3.1(+)-wild-type (WILD)-IL-10R1 and pcDNA3.1(+)-NZW-IL-10R1. The designed primers (forward, 5'-GAGTCTCCAGAGCTACAGGCCACCTG-3' and reverse, 5'-GCCTCTAGCTCTGGAGACTCTTCTTTTCC-3') were used to per for m the G1146A point mutation in pcDNA3.1(+)-WILD-IL-10R1. pcDNA3.1(+)-G1146A-IL-10R1 was confirmed by sequencing using agarose gel electrophoresis.
Transfection. BA/F3 cells (1x10 5 /well) were incubated in 24-well plates for one day prior to transfection. According to the manufacturer's instruction for Lipofectamine 2000 (Invitrogen), pcDNA3.1(+)-WILD-IL-10R1, pcDNA3.1(+)-NZW-IL-10R1 and pcDNA3.1(+)-G1146A-IL-10R1 were transfected into the cells. On the second day following transfection, 500 µg/ml G418 (Gibco, Grand Island, NY, USA) was added to the culture medium. On the fourth day following transfection, culture medium containing 200 µg/ml G418 was used to culture the cells for subsequent use.
Flow cytometric analysis. Phosphate-buffered saline (PBS) (pH 7.2-7.4) was used with 1% bovine serum albumin to wash the cells three times and cells were left in 0.5 ml PBS following 
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washing. Next, phycoerythrin anti-mouse IL-10R, fluorescein isothiocyanate anti-mouse CD16/32 and allophycocyanin anti-mouse CD62L (BioLegend Inc., San Diego, CA, USA) was added and the cells were incubated at room temperature for 30 min in the dark. Next, the flow cytometer FACScan (BD Biosciences, San Jose, CA, USA) was used to measure the expression levels of IL-10R1, CD16/32 and CD62L. The results were analyzed by WinMDI 2.9 (The Scripps Research Institute, San Diego, CA, USA).
MTT assay. Cells (1,000 cells/well) were incubated in a 96-well plate with 100 µl culture medium. Different concentrations of IL-10 (0, 0.01, 0.1, 1 and 10 ng/ml) were used to activate the cells for 12 h. A total of 1 ng/ml IL-10 was used to activate the cells for different times (0, 4, 8, 12, 18 and 22 h). Next, 5 mg/ml MTT (10 µl per well) was added and cells were allowed to incubate at 37˚C under 5% CO 2 for 3 h. Following the addition of dimethylsulfoxide (100 µl/well), the plate was agitated for 10 min and a CLARIOstar microplate reader (BMG Labtech, Ortenberg, Germany) was used to read the optical density value (490 nm).
Western blot analysis. The cells were starved in DMEM without serum for 12 h, incubated with 10 ng/ml IL-10 for 15 min and lysed. Protein solutes (70 µg) were purified using 7% SDS-PAGE. Next, the protein was transferred to a Hybond-enhanced chemiluminescence membrane.
The membrane was then blocked for at least 1 h in 5% skimmed milk. The membrane was incubated with anti-Jak1, p-Jak1, STAT3, p-STAT3, Tyk2, p-Tyk2 or β-actin primary 
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A antibodies (Invitrogen) at 4˚C overnight. Following washing, the membrane was incubated with the secondary antibodies for 1 h in the dark. Images were scanned using a Typhoon 9400 scanner (GE Healthcare, Fairfield, CT, USA ).
Statistical analysis. Data are presented as the mean ± standard error of the mean of at least three independent experiments. For statistical analysis, a one-way analysis of variance was used for comparison of one variance (ANOVA) among groups and two-way ANOVA was used for comparison of two independent variances among groups followed by Tukey's post-hoc test. P<0.05 was considered to indicate a statistically significant difference.
Results

Transfected cell lines express IL-10R1.
The expression levels of IL-10R1 on the surface of BA/F3 cells stably transfected with NZW, G1146 and WILD IL-10R1 expression vectors, respectively, were assessed by flow cytometry and are presented in Fig. 1 . The moderately expressing cells were selected for subsequent usage.
IL-10 affects the proliferation of BA/F3 cells expressing different types of IL-10R1
. IL-10 was capable of inducing as well as regulating B-cell proliferation. The same dose of IL-10 (1 ng/ml) was used to stimulate the BA/F3 cells expressing G1146A-IL-10R1, NZW-IL-10R1 and WILD-IL-10R1. The BA/F3 cells expressing G1146A-IL-10R1 and NZW-IL-10R1 did not exhibit the ability to inhibit proliferation with progressing stimulation time. However, IL-10 exhibited an ability to induce proliferation. The proliferation curve was steeper compared with the groups without (control cells) and with IL-3. Notably, the proliferation of BA/F3 cells expressing G1146A-IL-10R1 was significantly higher compared with the other groups. IL-10 inhibited the proliferation of the BA/F3 cells expressing WILD-IL-10R1 as the stimulation time was extended. The proliferation curve was markedly lower compared with the group without (control cells) and with IL-3 ( Fig. 2A) . Different doses of IL-10 (0.01, 0.1, 1.0 and 10 ng/ml) were used to stimulate the BA/F3 cells expressing G1146A-IL-10R1, NZW-IL-10R1 and WILD-IL-10R1 for 12 h. The proliferation rates of the BA/F3 cells expressing NZW-IL-10R1 and G1146A-IL-10R1 were positively correlated with the IL-10 levels and were higher than those of the control group. The proliferation rate of the BA/F3 cells expressing G1146A-IL-10R1 was markedly higher than the proliferation rate of those expressing NZW-IL-10R1. However, the proliferation rate of the BA/F3 cells expressing WILD-IL-10R1 was negatively correlated with the concentration of IL-10 and lower compared with the control group (Fig. 2B) . 
IL-10 affects the expression of CD16/32 and LECAM-1 in BA/F3 cells expressing different types of IL-10R1.
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expressing G1146A-IL-10R1 was decreased compared with the control. However, the expression of LECAM-1 in BA/F3 cells expressing NZW-IL-10R1 was higher compared with the control (Fig. 3C ).
Intracellular signal transduction of different types IL-10R1
on BA/F3 cells. Levels of the intracellular signal transduction proteins Jak1, Stat3 and Tyk2, which are associated with IL-10R1, in BA/F3 cells expressing G1146A-IL-10R1, NZW-IL-10R1 and WILD-IL-10R1 without IL-10 stimulation were identical (Fig. 4) . Following stimulation with 10 ng/ml IL-10 for 15 min, the levels of the intracellular signal transduction proteins Jak1, Stat3 and Tyk2 were also identical in BA/F3 cells expressing G1146A-IL-10R1, NZW-IL-10R1 and WILD-IL-10R1 (Fig. 5A) . However, phosphorylated (p)-Jak1 and p-Stat3 levels in BA/F3 cells expressing G1146A-IL-10R1 and NZW-IL-10R1 were markedly lower compared with BA/F3 cells expressing WILD-IL-10R1 following IL-10 stimulation (Fig. 5B and C) , while the levels of p-Tyk2 in the three types of cells did not differ significantly (Fig. 5D ).
Discussion
As a cytokine with an inhibitory function in the immune reaction, IL-10 has an important role in immunoregulation (15) . Treg and Breg are negatively regulated by IL-10 secretion. IL-10 is now recognized as a cytokine associated with SLE morbidity (16) . IL-10 has the ability to inhibit B-cell proliferation and differentiation. These effects are closely associated with IL-10R1 and the distribution of the functional regions is located in the cytoplasm (12) . A comparison of IL-10 in CD57BL/6, NZW and MRL mice indicated 18 base replacements, seven of which induce amino acid changes. The most notable change was in G1146A, which is located in the immune inhibition region and blocks the linkage with the signal transduction protein to interrupt the ability of immune inhibition. The proliferation rate of BA/F3 expressing WILD-IL-10R1 was observed to be negatively correlated with the time and dosage of stimulation with IL-10, and was consistently lower compared with BA/F3 cells without stimulation. These results indicated that the intact immune inhibition region may regulate the ability of the proliferation region effectively and inhibit proliferation to downregulate the number of B cells and decrease the output of antibodies. By contrast, the proliferation rate of BA/F3 expressing G1146A-IL-10R1 was positively correlated with the time and dosage of stimulation. The results indicated that base replacement caused a loss in the regulation of proliferation. The general effect of IL-10 on the proliferation rate of BA/F3 cells expressing NZW-IL-10R1 was similar to that of BA/F3 cells expressing G1146A-IL-10R1. However, the proliferation rate of BA/F3 cells expressing NZW-IL-10R1 markedly lower, which may be associated with intracellular signal transduction disorders induced by base displacements located elsewhere. It is known that, due to the base replacement in the immune inhibition region, IL-10R1 loses the intracellular signal transduction ability necessary for proliferation inhibition, which may impair the inhibition of B-cell proliferation (17) . In SLE, B-cell functions cannot be inhibited and the output of antibodies cannot be downregulated, which increases with the onset and progression of SLE (18) .
In the present study, which investigated cellular signal transduction, the levels of p-Jak1 and p-Stat3 were markedly downregulated in BA/F3 cells expressing NZW-IL-10R1 and G1146A-IL-10R1 following IL-10 stimulation. Furthermore, the levels of p-Tyk2 were not different from those in the BA/F3 expressing WILD-IL-10R1. This indicated that the base replacement in the inhibition region of NZW-IL-10R1 induced the loss of the Jak1 phosphorylation site and Jak1 and Stat3 could not be phosphorylated. The results also indicated that the inhibition ability of IL-10 proceeded via the Jak1-Stat3 pathway (19) , but not the Ttk2 pathway (9) . Activation of this pathway may restore the inhibition ability of IL-10R1 for the treatment of SLE.
As described above, the base replacement in the inhibition region of NZW-IL-10R1 induces a loss in Jak1-Stat3 signaling. NZW-IL-10R1 does not inhibit B-cell proliferation induced by the proliferation region of IL-10R1 effectively and downregulates the expression of CD32 to reduce inhibition of B-cell activation. NZW-IL-10R1 does not readily inhibit the LECAM-1 expression to induce the B-cell migration to the inflammation sites, thus potentially triggering SLE. Previous studies have indicated that MRL mice exhibit a specific defect regarding B cell stimulation by . In Fasplr mice, the antibody levels of B-and T-cell subgroups and the progression of lupus were similar to the non-defect mice (20) . A previous study showed that in MRL/lpr mice into which T2-MZP activated by anti-CD40 in vitro was transferred, the symptoms of SLE were ameliorated (21) . At present, the role of T cells in the pathogenesis and progression of SLE is being increasingly investigated. A previous study indicated that mouse CD8 + T cells expressed IL-10R1 immediately following activation (22) . Mouse CD4 + T cells were also observed to express IL-10R1 immediately following activation. These findings indicated that IL-10 may regulate the function of mouse T cells immediately following activation. This hypothesis, combined with the observations of the present study, require further investigation and indicate that NZW-IL-10R1 may be implicated in the pathogenesis and development of SLE and may present a novel therapeutic target.
